Cortical activity due to a thermal painful stimulus applied to the right hand was studied in the middle third of the contralateral brain and compared to activations for vibrotactile and motor tasks using the same body part, in nine normal subjects. Cortical activity was demonstrated utilizing multislice echo-planar functional magnetic resonance imaging (fMRI) and a surface coil. The cortical activity was analyzed based upon individual subject activity maps and on groupaveraged activity maps. The results show significant differences in activations across the three tasks and the cortical areas studied. The study indicates that fMRI enables examination of cortical networks subserving pain perception at an anatomical detail not available with other brain imaging techniques and shows that this cortical network underlying pain perception shares components with the networks underlying touch perception and motor execution. However, the thermal pain perception network also has components that are unique to this percept. The uniquely activated areas were in the secondary somatosensory region, insula, and posterior cingulate cortex. The posterior cingulate cortex activity was in a region that, in the monkey, receives nociceptive inputs from posterior thalamic medial and lateral nuclei that in turn are targets for spinothalamic terminations. Discrete subdivisions of the primary somatosensory and motor cortical areas were also activated in the thermal pain task, showing region-dependent differences in the extent of overlap with the other two tasks. Within the primary motor cortex, a hand region was preferentially active in the task in which the stimulus was painful heat. In the primary somatosensory cortex most activity in the painful heat task was localized to area 1, where the motor and vibratory task activities were also coincident. The study also indicates that the functional connectivity across multiple cortical regions reorganizes dynamically with each task. 1999 Academic Press
INTRODUCTION
The electrophysiological data published in the past 20 years have documented the presence of nociceptive neurons in multiple cortical areas in nonhuman primates, cats, and rodents. Nociceptive neurons have been demonstrated in the primary somatosensory cortex (SI; Kenshalo and Isensee, 1983; Kenshalo and Perkins, 1984; Kenshalo et al., 1988) , the upper bank of the lateral sulcus (including SII and portions of area 7b and insular region), which we will refer to as the SII region (Nishijima and Sakai, 1975; Robinson and Burton, 1980a,b,c; Dong et al., 1989) , the cingulate cortex (Sikes et al., 1992; Hutchinson et al., 1993) , and the prefrontal cortex (Condes-Lara et al., 1989; Backonja and Miletic, 1991; Snow et al., 1992) .
More recently the development of functional imaging techniques has allowed the investigation of cortical responses to nociceptive stimulation in humans. Many laboratories have demonstrated changes in cortical activity in response to noxious thermal stimuli utilizing positron emission tomography (PET) (Talbot et al., 1991; Jones et al., 1991; Casey et al., 1994; Coghill et al., 1994; Hsieh et al., 1996b; Vogt et al., 1996) , singlephoton emission tomography (Apkarian et al., 1992; Di Piero et al., 1994) , and functional magnetic resonance imaging (fMRI) (Davis et al., 1995 (Davis et al., , 1997 (Davis et al., , 1998 Disbrow et al., 1998b; Xu et al., 1997) . The results of these studies suggest that some cortical areas are involved in processing nociceptive information, although the activated areas seem to differ between studies and may be dependent upon the specific stimulus parameters used. So, in effect, these human studies have resolved the long-standing controversy regarding the involvement of the cerebral cortex in pain perception. Specifically which areas are involved and how unique these areas are in relation to pain perception has yet to be determined.
When attempting to assign cortical activity to areas of cortex in close spatial proximity the resolution of the imaging system becomes critical. High spatial resolu-tion is necessary to differentiate between activity in SI and primary motor cortex (MI), SI and posterior parietal cortex, cingulate cortex, and supplementary motor area (SMA). An imaging tool with fine spatial resolution would increase the level of confidence in the cortical areas activated by noxious stimuli. fMRI is a relatively new imaging technology, which indirectly measures neuronal activity (Ogawa et al., 1990a,b) at a spatial resolution higher than other brain imaging methods (see Toga and Mazziotta, 1996) . Thus fMRI studies of pain should enable a more accurate localization of cortical activity, as well as allow the opportunity to identify activations in individual subjects. Since its introduction, blood oxygenation level-dependent (BOLD) fMRI has been extensively used for identifying ''activated'' areas in the human brain (e.g., Ogawa et al., 1990a,b; Kwong et al., 1992; Bandettini et al., 1992; Binder et al., 1997; Grill-Spector et al., 1998; Ellermann et al., 1988) . BOLD-based fMRI is sensitive to tissue deoxyhemoglobin content which is determined by the rates of oxygen consumption and cerebral blood flow. During increased local neuronal activity, it is generally accepted that regional blood flow increases without a commensurate increase in oxygen consumption (Fox and Raichle, 1986; Fox et al., 1988) . The resultant decrease in regional deoxyhemoglobin generates susceptibility gradients giving rise to the BOLDfMRI signal increase. BOLD has been found to be consistent with cerebral blood flow-based functional maps generated by PET (Ojemann et al., 1998) or by perfusion-based magnetic resonance imaging techniques (Kim, 1995) . Davis et al. (1995 Davis et al. ( , 1997 Davis et al. ( , 1998 reported highresolution data from fMRI studies in response to painful stimuli. Given that pain perception engages many cortical and subcortical areas, we hypothesize the existence of functional subspecialization among these areas. Therefore, the primary purpose of this study was to identify the cortical circuitry underlying acute pain perception, at the highest spatial resolution currently possible. The second purpose was to examine the extent to which vibrotactile and motor cortical circuitry can be differentiated from the cortical regions involved in pain perception. The rationale for this comparison is twofold: (1) Earlier studies indicate that the cortical regions involved in pain perception overlap with regions involved in touch perception and in motor control and (2) evolutionarily there is a strong overlap between pain, touch, and motor control (see, e.g., Kavaliers, 1988) . To these ends, this study examined the integrated cortical response to thermal painful stimuli and to motor and vibrotactile tasks in humans, utilizing multislice high-resolution fMRI of the middle third of the brain. The experiment was specifically designed to enable repeated measures comparisons between tasks (factorial analysis) and to compare the cortical response patterns using both individual subject activity maps and group-averaged activity maps. The motor and vibratory tasks were designed to give rise to maximal activity in the hand sensorimotor regions to enable the determination of the extent of overlap between pain representation and innocuous activation of these regions.
METHODS
Nine normal right-handed volunteers participated in this study. The general purpose and the procedures were explained to the subjects. All subjects were at least 18 years of age and gave written consent. The Institutional Review Board approved all procedures. Each individual underwent a single scanning session which lasted approximately 1.5 h and consisted of high-resolution anatomical scans in the sagittal and coronal planes (6-mm slices, eight of which corresponded to those imaged in the functional scans), a flow-weighted scan for identification of cortical vessels, and three functional imaging series using echo-planar imaging (EPI) pulse sequences to quantify BOLDbased fMRI responses. Separate functional series were performed for each task. In each functional imaging series the subject performed a motor, a vibratory, or a thermal painful task, each lasting 7 min. Each control and stimulus state was 35 s in duration, and the subjects alternated between control and stimulus states for a total of six control-stimulus cycles. There was a 14-min pause after each functional imaging series.
Stimulation Paradigms
The painful task consisted of the subject alternating (on a verbal cue) the glabrous surfaces of the right fingers (digits 2-5) between two thermodes heated by circulating water from water baths located outside the imaging suite. One thermode was nonpainful heat (mean 41°C) and the second thermode was painful heat (1-2°C above the subject's pain threshold). The thermal pain thresholds were determined in an earlier session and then checked again just before the subjects were placed in the scanner. Each subject rated the overall pain at the end of the painful task functional imaging sequence. The pain rating scale was from 0 to 10, with 0 ϭ no pain and 10 ϭ maximum imaginable pain.
The motor task consisted of sequential apposition of the first digit with the remaining digits of the right hand. The control for the motor task was rest. Since the digits touch each other, this task includes a tactile component as well. Switching between stimulus and control was verbally cued.
A pneumatically driven unbalanced wheel generated the vibratory stimulus. This stimulator delivered vibrations of mixed frequencies of which the dominant frequency was 50 Hz with higher harmonics. The amplitude of the vibration was up to 2 mm. The vibratory frequency and amplitude was controlled by the applied air pressure and the mass of the eccentric weight attached to the wheel, both of which were maintained constant throughout the study. Glabrous portion of digits 2-5 were positioned on the vibrating surface during stimulus cycles and removed from this surface for the control cycles. Switching between stimulus and control was verbally cued.
Scanning Protocols
All fMRI experiments were performed on a 1.5-T General Electric (Signa) clinical imaging instrument equipped with an Instascan resonant gradient accessory (Advanced NMR Systems, Inc.), allowing the acquisition of both conventional and echo-planar images. In order to improve signal-to-noise ratio a single 5-in. circular surface coil was used.
During each imaging session the subject was positioned on the scanner bed and the surface coil was positioned over the parietal cortex, contralateral to the stimulated hand, oriented parallel to the long axis of the magnet. The subject's head and surface coil were immobilized using a vacuum beanbag (Olympic VacPac; Olympic Medical) shaped to the individual's head. Sagittal, high-resolution coronal, and flow-weighted images were obtained with conventional pulse sequences, while the functional images were obtained using echo-planar pulse sequences. The high-resolution, flow-weighted, and functional scans were all performed at the same slice locations. The scanning sequence proceeded as follows:
(1) T1-weighted multislice spin echo scout images (TR ϭ 300 ms; TE ϭ 12 ms; 2 NEX number of images averaged; 256 ϫ 256 matrix; field of view (FOV) 20 ϫ 20 cm) were obtained in the sagittal plane and prescription of subsequent coronal images was performed using the midline sagittal slice. The primary cortical areas of interest were the somatosensory and motor regions, so the middle third of the brain contralateral to the stimulation site was imaged. Eight slice locations were selected for subsequent EPI functional scans (each 6.0 mm thick with a 0.5-mm gap between slices). In each study the first slice was located 6.5 mm posterior to the anterior commissure.
(2) High-resolution coronal multislice spin echo images (TR ϭ 500 ms; TE ϭ 12 ms; 2 NEX; 256 ϫ 256 matrix; FOV 20 ϫ 20 cm) of the entire brain were obtained with 6.0-mm slice thickness and a 0.5-mm gap between slices. This set included the eight functional slice locations and was obtained for anatomical localization of the areas of functional activation.
(3) A flow-sensitive imaging sequence (SPGRASS; TR ϭ 33 ms; TE ϭ 6 ms; 4 NEX; flip angle 60°; 256 ϫ 256 matrix; FOV 20 ϫ 20 cm) was performed at the eight functional slice locations for localization of the cortical vessels.
(4) Functional imaging scans were then performed using the following EPI gradient echo acquisition sequence: TR ϭ 3500 ms; TE ϭ 60 ms; flip angle 90°; NEX ϭ 2 for five subjects and NEX ϭ 1 for four subjects; repetitions per slice 5 (10 for the 1 NEX studies); 256 ϫ 128 matrix; FOV 40 ϫ 20 cm. This results in a voxel size of 1.56 ϫ 1.56 ϫ 6.00 mm. Five images per slice location were acquired during each 2 NEX control and stimulus state (10 images per slice for the 1 NEX studies). Six cycles of control and stimulus were performed during a functional imaging series, resulting in the acquisition of 480 functional images (960 for 1 NEX studies) at the eight slice locations in a single functional imaging series. The three functional imaging scans for the three tasks were performed consecutively, in a random order.
Data Analysis
The data analysis entailed the generation of activation maps in individual subjects and for the group of subjects. The individual-subject activation maps followed a procedure outlined in detail in Gelnar et al. (1998) . A brief summary of the methodology for generating individual-subject activation maps follows. Since the study used a surface coil, statistical analyses were limited to the cortex underlying the coil, including midline structures, but excluding the ipsilateral cortex.
Individual-Subject Activation Maps
In-plane head movement was corrected by reregistering all images. To ensure that the images were properly classified as belonging to stimulus or control periods, images collected at the stimulus-control and controlstimulus transitions were discarded. As a result, of the total 960 images collected in a functional imaging series (1 NEX studies) 96 images were not used for further statistical analyses. No images were discarded in the 2 NEX studies since the time sequence of images collected in a given TR is not available. For this reason we abandoned using 2 NEX studies, even though they provide better signal-to-noise ratio than 1 NEX scans. Next, an outlier detection routine was used to discard images with large deviations in mean count (over all images), which were attributed to artifacts, e.g., insufficient correction for head movement or scanner instabilities. On average 15 (range 0-41) images were discarded as outliers per functional imaging series. Individual pixel unpaired t test values were calculated for stimulus vs control condition, using a cutoff criterion level of p Ͻ 0.01 for all tasks, resulting in a t map. A minimum cluster-size cutoff criterion of p Ͻ 0.01 was used to further limit significant activity. The latter defines the minimum number of contiguous pixels that pass the t value cutoff. The appropriate cluster-size threshold was determined using a bootstrap technique in which the cluster-size distribution was determined for each individual data set. The cluster threshold was either 3 or 4 pixels in this data set. The overall false positive rate ( p) was calculated for these thresholds, using the method of Xiong et al. (1995) . The effective p value, which takes into account correction for multiple comparisons, was estimated as 0.02 and 0.0003 for the cluster thresholds 3 and 4 pixels, respectively. Pixels that survived both threshold criteria constituted the individual-subject activity map, i.e., clustered t maps. These maps were superimposed on the anatomic MR images and used to identify the locations of the activation clusters (significant regions of interest; ROIs). Significant ROIs located in the areas of interest were selected based on the anatomy of the individual high-resolution images.
Statistical Comparisons Using Individual-Subject Activation Maps
To perform across-subject comparisons of brain activations as a function of task and brain areas, two approaches were used: The first approach was based on parameters defining statistically significant ROIs (ROI analysis). The second approach examined activity in the hand region of various divisions of the cortex (area analysis), guided only by anatomic landmarks. For the ROI analysis, mean t value, size, and activation index (AI ϭ mean t value X size) were used as dependent variables for significant ROIs located in regions of interest: SI, SII, insula, area 5/7, area 40, MI, premotor cortex (PM), ipsilateral SMA, contralateral SMA, ipsilateral cingulate cortex (iCING), and contralateral cingulate cortex (cCING). A two-way repeated measures ANOVA (RM-ANOVA) was then performed for the dependent variables, across regions and tasks, with post hoc evaluation.
For the area analysis, the mean t value of the hand representation region for six cortical regions (SI, SII, insula, MI, cCING, and cSMA) was calculated for each subject. This analysis ignores the significant ROIs and takes into consideration activity in all voxels that are judged to lie within the hand representation region. The hand representation area within each region was determined for each subject (based solely on anatomic landmarks). Then the mean t value of the corresponding regions in the unclustered t maps was calculated. Two slices containing the hand representation region in each cortical region were defined (except for the cingulate cortex which is much larger in the anteriorposterior dimension in which six slices were used), and the largest mean t value between slices was utilized for further statistical tests. A two-way RM-ANOVA was then performed on the area t value, across regions and tasks, with post hoc evaluation.
Overlap Measurement
The amount of overlap in activity between the heat task responses and the other two task responses (i.e., heat-motor overlap and heat-vibratory overlap) was determined by counting the number of commonly activated pixels relative to the number of pixels uniquely activated for the heat task (expressed in percentage). This analysis was done for each slice for SI, SII region, and MI using the clustered t maps in all subjects. The mean percentage overlap for each cortical region was then calculated for each subject. A Student t test comparing the heat-motor overlap and the heatvibratory overlap was performed.
Group-Averaged Activation Maps
The above analyses are based on examining individual-subject activations. In order to determine the brain activity across the group of subjects, the individual-subject unclustered t maps were transformed into Talairach space and averaged across the population. This was performed using commercial software (MEDx). The sagittal images were used to identify the anterior and posterior commissures (AC, PC) and the boundaries of the brains of each subject. The affine transformation necessary to map these images into Talairach space was then calculated. The coronal highresolution anatomic images were then reregistered with the corresponding subject's sagittal images. Since the t maps are already in register with the coronal images, the latter step defines the transformation for placing them into Talairach space. The unthresholded t maps were resliced to 2ϫ2ϫ2-mm voxels, spatially filtered with a Gaussian having a 5ϫ5ϫ5-mm fullwidth half-maximum and a 5ϫ5 kernel, and averaged across eight subjects (data from 1 subject could not be used), for each task (for further details see Krauss and Apkarian, 1998) .
The distribution of the t values in the brain under the coil was determined to approximate a normal distribution. Two standard deviations above the mean of this distribution was considered indicative of the intensity threshold for regions significantly involved in each task, constituting group-averaged t maps. The resultant cutoff t values ( p Ͻ 0.05) were 0.582 for the heat, 0.543 for the vibratory, and 1.019 for the motor task response averages. Binder et al. (1997) used the Cornish--Fisher expansion technique to estimate the threshold t value following averaging of many subject t maps. Their estimate of the cutoff t value is 0.705 for p Ͻ 0.05 when averaging over eight subjects, which is in the same range as our cutoff t values that were calculated for each task.
A cluster-size threshold was also applied to the group-averaged t map, similar to that used in the individual-subject activation maps, to compensate for multiple comparisons. Since a bootstrap approach was too cumbersome to calculate, the cluster cutoff measurement was instead based on the formulation of Xiong et al. (1995) . With this method, cluster cutoff is calculated based on the t value threshold, the smoothness due to the Gaussian filtering, and the total number of pixels in the brain region examined. The resultant value is then divided by the square root of the number of subjects, to compensate for across-subject averaging. Only pixels with 9 or more contiguous activated pixels were included in the clustered map. This corresponds to an effective false positive rate of p Ͻ 0.03. The resultant map is the group-averaged, clustered t map.
The group-averaged clustered t map was used to identify cortical regions activated in each task, based on the Talairach coordinates of the surviving clusters. Different task, group-averaged unclustered t maps were superimposed to determine the extent of overlap in cortical activation between tasks. Percentage overlap was calculated from the group activation maps across the three tasks as described above.
Correlation Coefficients and Multidimensional Scaling
The Pearson product moment correlation was calculated using the mean t value of the individual-subject area analysis, as a descriptor for connectivity changes between the six areas studied as a function of task. It measures the extent of covariation of activity between pairs of cortical regions, across all subjects, ignoring temporal relationships that may also identify the direction of the interrelationships. This measure provides a concise descriptor of the pattern of coherent activity across multiple cortical regions. Unfortunately, it does not yield statistically testable results. Therefore, we devised a multidimensional ANOVA to test for differences in activation patterns across the six cortical regions. The mean t value of the area analysis was standardized across regions to a Z value (0 mean and SD of 1) and used to calculate the six-dimensional Euclidian distances (for the six cortical regions) for each subject and task. These measures were used to calculate the overall ANOVA for tasks and the ANOVA for each orthogonal axis generated from the multidimensional transformation. The latter is a statistically rigorous approach for testing for changes in pattern of activity for different tasks, across brain regions, where the six-dimensional distances indicate the extent of similarity of these patterns.
Centroid Measurement and Multidimensional Analysis
Differences in spatial distribution of the cortical activation patterns across the three tasks were examined by calculating the centroid of the unclustered t
FIG. 2.
Cortical activations in eight subjects in response to a thermal painful stimulation. Activation maps are shown in one slice, corresponding to slice 4 in Fig. 1 . Pixels that passed the t value threshold and the cluster threshold are shown in red, superimposed on each subject's anatomic image. Note across-subject differences in brain size, ventricle size, gyral anatomy, and activations. The orange arrows denote the sylvian fissure and the green arrows the central sulcus.
FIG. 1.
Individual-subject activation maps generated from a thermal painful stimulation (Heat, top), a vibrotactile stimulus (Vib, middle), and a finger apposition task (Motor, bottom). The activation maps in the top and middle are from the same subject. Slice 1 is most anterior and slice 8 most posterior. The orange arrows denote the sylvian fissure and the green arrows the central sulcus. Levels of activity of individual pixels (uncorrected p values) within the significant ROIs are represented by color as indicated. maps in each subject and task. The centroid was defined as the mean location, in three dimensions, representing the cortical activity. The centroid coordinates were determined from the Talairach-transformed individual-subject unclustered, but thresholded, t maps. The three-dimensional centroid coordinates across subjects and tasks were used for multidimensional overall ANOVA and for ANOVA for each dimension.
RESULTS
The mean pain rating of the painful task was 3.4 Ϯ 0.6 (SD), on a scale of 0 to 10. This moderately painful thermal task resulted in activating a large number of cortical areas, within the imaged portion of the brain. Many of the same areas were also activated in the two other nonpainful tasks, but the relative amounts of activity varied between the tasks. To compare differences in cortical activity between tasks, two approaches were used: (1) comparisons based on individual-subject activity maps and (2) comparisons based on the groupaveraged activity maps.
Activity Differences Across Tasks and Brain Areas
Using Individual Subject Results Figure 1 shows individual-subject activation maps for all three tasks. In the heat task (Fig. 1, top) , anteriorly, activation is observed in the insula (in slice 1), SII region (slices 2-4), SI (slices 3-5), and posterior parietal cortex (slices 6 and 7). In the vibratory task (Fig. 1, middle) , activations are seen in the SII region (slices 2-5), SI (slice 4), and posterior parietal region (slice 6). In the motor task (Fig. 1 , bottom) these same regions are active at a higher intensity encompassing a larger cortical area. In addition activations are also seen in the SMA and CING, MI, and PM (slices 1-4). Figure 2 shows the thermal painful stimulation responses in the other eight subjects, in one slice location (corresponding to the position of slice 4 in Fig. 1 ). The activation maps are superimposed on each individual's anatomic image. The figure illustrates the variability in anatomy and in activations, across subjects. The variability in activations cannot be explained by differences in pain ratings.
Individual Subject-Based Statistical Analysis
In general, over all subjects the cortical response to the motor task was more robust than for the heat and vibratory tasks. All analyses, ROI-based approach using incidence of significant ROIs, t value of ROIs, number of pixels per ROI, and AI per ROI (Fig. 3 and Table 1 ) and area-based approach using t value and AI for each area (Fig. 4) , consistently showed that the largest response was due to the motor task, followed by the heat task, and the least response was seen in the vibratory task. All analyses showed that the activation pattern across brain regions was statistically dependent upon the performed task.
ROI-Based Incidence of Activity Analysis
The cortical activation maps for the heat and motor tasks exhibited significant ROIs in all cortical regions investigated in at least one subject, and the vibratory task exhibited significant activity in at least one subject in all cortical regions except for the ipsilateral cingulate cortex (summarized in Table 1 ). SI, SII region, area 40, and MI were the most frequently represented of the cortical regions and the heat and motor tasks consistently activated more cortical areas than the vibratory task. A two-way ANOVA using the incidence of significant activity as the independent variable and cortical regions and tasks as dependent variables showed a significant difference between tasks (F ϭ 28.4, P 9 0.001) and between cortical regions (F ϭ 11.4, P Ͻ 0.001). Post hoc pairwise multiple comparison (Bonferroni t test) showed a statistically significant difference (P Ͻ 0.05) between all three tasks, with the motor task having the highest incidence and the vibratory task the lowest. The mean incidence rate was highest for SI and lowest for iCING and cCING, and post hoc analysis showed that these areas are significantly different from most other cortical regions.
ROI-Based Activation Index Analysis
The mean activation index across subjects and all cortical regions (11) was largest for the motor task (140.6) and smallest for the vibratory task (16.3) (Fig.  3, left) . Comparing between cortical regions the largest mean activation index was seen in SI (135.6) and MI (114.7), while the iCING (7.0) and iSMA (15.1) had the smallest mean activation index (Fig. 3, right) . A twoway RM-ANOVA of activation index using tasks and brain regions as independent factors showed significant differences between tasks (F ϭ 5.52, P Ͻ 0.015) and between cortical regions (F ϭ 2.72, P Ͻ 0.006), but no interaction. Post hoc analysis using Student's t test revealed that the motor AI was significantly larger than both heat and vibratory AI; SI was significantly higher than PM, cCING, and cSMA; and SII was significantly higher than in the insula. Similar results were obtained when the mean number of voxels (size) or the mean t value (intensity) of the significant ROIs were used as the dependent parameter in two-way ANOVA.
Area-Based Analysis
A statistical analysis using t value of the areas delineated to include hand representations as the dependent variable showed that the mean t value was largest for the motor task and smallest for the vibratory task, and the mean t value was largest in SI and the SII region and smallest in the insula. A two-way RM-ANOVA of t values using tasks and brain regions as independent factors showed significant differences between tasks (F ϭ 6.21, P Ͻ 0.010), between cortical regions (F ϭ 8.18, P Ͻ 0.001), and between tasks and cortical regions (F ϭ 5.08, P Ͻ 0.001).
Post hoc analysis of t values of the delineated areas using the Bonferroni t test showed significant cortical regional differences within tasks: in the heat task (Fig.  4, top) between the SII region and both the MI and the insula; in the motor task (Fig. 4 , middle) between SI and both cCING and insula, between insula and cSMA, and between cCING and cSMA; and in the vibratory task (Fig. 4, bottom) between the SII region and the cSMA, cCING, MI, and insula. Post hoc analysis comparing across tasks within cortical regions showed significant differences between tasks in SI, MI, cCING, and cSMA, but not in the SII region or the insula. Figure 4 indicates that the six cortical regions in which area analysis was performed showed different activity patterns between the three tasks. In the vibratory task the primary cortical activity was in the somatosensory cortices (SI and the SII region) with a smaller amount of activity in the insula. The motor task on the other hand resulted in robust activity in both motor and somatosensory cortical regions. The heat task activated the same cortical regions as both the vibratory and the motor tasks, but the relative cortical activity pattern was different. Similar to the vibratory task, the heat task resulted in the highest t values in SI and SII regions, but the mean t values for all cortical regions (including the nonsomatosensory regions) were larger in the heat task than in the vibratory task.
Percentage Activation Overlap Based on Individual Subject Analysis
The extent of overlap between ROIs for the three tasks was calculated for each subject for SI, SII, and MI. Significant differences were found between task overlap only in SI, where the percentage overlap between heat and motor tasks (40%) was greater than the percentage overlap between heat and vibratory tasks (16%, paired t test, P Ͻ 0.04). In SII the overlap was about 30% for both heat-motor and heat-vibratory tasks, and in MI the overlap for heat-motor task was 35% and for heat-vibratory task 18%. 
Task-Dependent Changes in Cortical Activation Patterns
Correlation coefficients and the associated P values were calculated from the area-analysis t values for the six regions analyzed (Table 2) . Strong correlations are marked in the table (P Ͻ 0.05). Only three pairs of regions were commonly correlated for all three tasks: SII and insula, MI and cCING, and MI and cSMA. The other regions showed distinct correlation patterns for the three tasks. The correlation pattern is most understandable in the motor task, in which the two motor regions (MI and cSMA) are strongly correlated to all other regions examined. This correlation pattern shifts during the thermal pain task and the vibrotactile task.
The correlation coefficients are presented as descriptors of the changes in activity patterns by task, across regions. Statistical testing was done using multidimensional scaling. The Z-transformed values of the area analysis when used in multidimensional ANOVA result in borderline overall significance over tasks (F ϭ 2.33, P Ͻ 0.15 but Ͼ0.10). On the other hand, ANOVA along the major axis of transformation does show significance over tasks (F ϭ 5.20, P Ͻ 0.02).
Activity Differences Across Tasks and Brain Areas
Using Group-Averaged Results
Group-Averaged Activity Map for the Heat Task
The group-averaged and clustered activation t map for the heat task is shown in Fig. 5 . The group activity maps for the other two tasks are not shown. They were used to generate the population overlap maps between the heat and the motor tasks (Fig. 6 ) and the heat and the vibratory tasks (Fig. 7) . In the group-averaged map for the painful heat task large clusters of voxels are seen in all but one of the brain regions described above (individual-subject based analyses), i.e., premotor, MI, SI, SII, CING, insula, SMA, and area 5/7, but not area 40. Table 3 summarizes these areas, indicating the anterior-posterior extent of each area, the volume of the activity (in mm 3 converted from the number of voxels), and the Talairach coordinates for the maximum t value for each area. The new result from this analysis is the existence of two distinct activations in both MI and SI hand regions. The anterior SI activity (slices Ϫ20 to Ϫ24 mm posterior from PC, Fig. 5 ) corresponds primarily to Brodmann area 1 hand region. More posteriorly (to slice Ϫ32), activity is seen in area 1 superiorly and area 2 inferiorly. Very little activity is seen in Brodmann area 3. The two areas active in MI are both in Brodmann area 4 hand region; the lateral area (slice Ϫ18 to Ϫ30) is located entirely on the lateral surface of the cortex, while the medial area (slice Ϫ20 to Ϫ24) extends into the depth of the central sulcus.
For the motor and vibratory tasks the groupaveraged and clustered activation t maps show activity in the areas described in the previous section, including Brodmann area 40. Their locations and sizes are presented in Table 3 .
Overlap of Group-Averaged Activity Maps
The overlap map between the heat and the motor task responses is shown in Fig. 6 , and heat and vibratory task responses are shown in Fig. 7 . In Figs. 6 and 7 overlap is determined using the group-averaged unclustered t maps with 2 standard deviations above the mean as cutoff for each task. Cortical areas uniquely activated with the heat task, compared to the motor or the vibratory tasks, are cCING (slices Ϫ24 to Ϫ32),
FIG. 4.
The mean t value and standard deviation for six cortical areas delineated anatomically (area analysis), for all three tasks (top, middle, and bottom), over all nine subjects. insula (slices Ϫ8 to Ϫ24), SII (slices Ϫ10 to Ϫ24), and superior medial portion of MI (slices Ϫ18 to Ϫ32). Overlap was also examined at a lower statistically nonsignificant t value cutoff to ascertain the extent to which different regional overlaps were cutoff criterion dependent. When the extent of overlap is examined at the lower threshold (1.5 standard deviations from the mean, Fig. 8 ), the activities in the heat task in cCING, insula, and SII still show very little overlap with the other two tasks. Activity in SII is seen in both the motor and the vibratory tasks (Figs. 6-8 , more at the lower threshold level). However, these activations are located in a portion of SII that is surrounded medially and laterally by the SII and insula activities in the heat task. At a lower threshold level, the overlap between the heat task and the other two tasks increases in SMA, MI, SI, and area 5/7 (Fig. 8) .
The heat task activated two distinct portions of MI, medial and lateral. At the higher threshold cutoff, the motor task activated only the lateral portion of MI (Fig.  6 , slices Ϫ2 to Ϫ26), parts of which overlapped with the heat task. The vibratory task also activated mainly the lateral portion of MI, although to a lesser extent (Fig. 7 , slices Ϫ12 to Ϫ24). At the lower threshold cutoff, both the motor task and the vibratory task activations overlapped more with the heat activations in the lateral and medial portions of MI (Fig. 8) .
Within SI, the primary region of overlap between heat and motor was in area 1 (slices Ϫ22 to Ϫ30, Fig. 6 ). Brodmann area 1 is also the main region of overlap in SI between heat and vibratory tasks (slices Ϫ22 to Ϫ30, Fig. 7 ). Activity in area 2 of SI is seen mainly in the vibratory task, a region just inferior to the main overlap between heat and vibratory activations in SI (slices Ϫ22 to Ϫ28, Fig. 7) . Activity in the inferior parietal lobule, area 40, is also seen mainly in the vibratory task (slices Ϫ28 to Ϫ36, Fig. 7 ). More posteriorly, within area 5/7 there is extensive overlap between the motor and the heat tasks (slices Ϫ34 to Ϫ48, Fig. 6 ), but less overlap between heat and vibratory tasks (slices Ϫ34 to Ϫ48, Fig. 7) .
Percentage Activation Overlap Based on Group Analysis
The percentage overlap was calculated by counting the number of voxels across the three tasks in Figs. 6 and 7. Over the whole brain area of interest the overlap for heat-motor (i.e., % of voxels activated by both vs heat) was 28.7% and for heat-vibratory was 17.3%. Within SI, overlap for heat-motor was 68.9% and for heat-vibratory it was 51.5%; in MI, overlap for heatmotor was 32.7% and for heat-vibratory it was 9.2%. For the heat-motor comparison, MI was divided into a medial and a lateral portion. In the MI medial region, heat-motor overlap was 12.3%, while in the lateral MI this overlap was 82.5%. The heat-motor and heatvibratory overlaps were 0% for contralateral cingulate, insula, and SII. Figure 9 shows the distribution of the centroids in Talairach space, for all subjects and tasks. The multidimensional ANOVA indicated that centroid locations were significantly dependent on task (F ϭ 4.1, P Ͻ 0.05). Performing ANOVA for each axis showed that the only significant axis was the superior-inferior axis, along which there was a very strong dependence on task (F ϭ 11.2, P Ӷ 0.001). The mean superior-inferior location of the centroids was 41.79 mm for the thermal heat task, 49.54 mm for the motor task, and 33.44 for the vibrotactile task, respectively, each with a standard error of 2.41. All three pairs were significantly different from each other (at P Ͻ 0.01), using Tukey's multiplecomparison criterion. Figure 9 shows the mean centroids for all three tasks and their standard errors along the statistically significant superior-inferior axis. The mean lateral position was Ϫ29.93 mm and the mean anterior-posterior position was Ϫ22.74 mm, when centroids were averaged over all subjects and tasks. The combination of these two values with the taskspecific coordinates along the superior-inferior axis defines the mean task-dependent centroids. The coordinates of the mean centroids were located in MI for the motor task, in SI for the vibrotactile task, and at the border between MI and SI for the thermal pain task. This analysis shows that the overall spatial distribution of all activations is significantly different by task.
Centroid Analysis

DISCUSSION
The results of this study show that: (1) fMRI of a thermal pain task demonstrates discrete activity in many cortical regions. Most of these regions have been reported to be involved in pain tasks in various PET studies. (2) The fMRI data were analyzed using either individual-subject or group-averaged activation maps. Each approach reveals different attributes about the data, and thus they complement each other. (3) By all methods of individual-subject analysis, the cortical activity resulting from the motor task was greater than that noted in either the pain or the vibratory tasks. (4) The individual-subject area analysis was the only measure showing that the interaction between tasks and brain regions was significant, indicating that this parameter is more sensitive than the others tested. (5) The correlation measurement and the analysis of multidimensional variance, based on the area analysis, indicated distinct connectivity patterns for the three tasks, between the six areas studied. This taskdependent change in ''functional connectivity'' is consistent with the notion that the cortex can dynamically modify coherence across regions in a context-dependent manner. (6) The group analysis showed the painful heat activation map at an anatomical detail that has not been available in the past. The comparison between the three tasks in the group analysis also shows taskdependent anatomical differences that could not be appreciated from the individual-subject analysis. (7) The group analysis indicated that posterior cingulate, insular, and portions of the SII cortex were uniquely activated in the painful thermal task, in comparison to the vibratory and motor tasks, that the superior medial portion of MI is a region activated preferentially in the heat task, and that area 1 of SI is the main region of overlap across all three tasks. (8) The centroid analysis showed that the cortical activation was spatially distinct across tasks. We also examined the time course of the cortical regional activations in the three tasks and observed differences in the activation time course between the thermal painful task and the other two tasks. This is presented in a separate report (Apkarian et al., 1999) . Altogether the results indicate that, within the portion of the brain examined in this fMRI study, the cortical network underlying pain perception shares components with the networks underlying touch perception and motor execution. However, the pain perception network also has components that are unique to this percept.
Cortical Areas Activated by the Painful Stimulus
A painful thermal stimulus led to cortical activity in multiple cortical regions. The majority of activity as exhibited by the AI was in SI, MI, SII region, area 5/7, cCING, and cSMA. The group-averaged map indicated that the majority of activity was concentrated in SI, MI, SII region, area 5/7, cCING, and insula. These cortical FIG. 5. Group-averaged and clustered activation t map for the heat task, displayed in Talairach space. Yellow is uncorrected activity Ͼ2 standard deviations (SD) above the mean, orange is Ͼ3 SD, and red is Ͼ4 SD. The numbers in the left corners are anteroposterior distance relative to the AC in millimeters (negative is posterior). The orange arrows denote the sylvian fissure and the green arrows the central sulcus.
regions have been noted to have increased activity in prior functional imaging studies (see Table 4 ). Our study is the first to identify discrete areas of increased cortical activity in subdivisions of MI and SI in response to a painful thermal stimulus. Table 4 summarizes the results from brain imaging studies of pain. Only those reporting Talairach coordinates are included. The average of these coordinates is calculated for the areas relevant to this study and their subdivisions. There is good agreement between our coordinates for the pain task (Table 3 ) and the corresponding mean values generated from the literature (Table 4) , although the overall variability for the activated regions reported and their coordinates is quite high.
MI
Discrete areas of activity were noted in the precentral gyrus in this study when the hand was subjected to a thermal painful stimulus. Activity in MI has been noted previously (Table 4 , SI/MI). Moreover, in most PET studies of pain the reported SI activity lies at the border between MI and SI. In our data, the mean centroid for the thermal painful task responses was also located at the border between MI and SI, which is consistent with the PET results.
Our group analysis shows the existence of two regions of activity in MI: a lateral region that includes portions of MI within the central sulcus and a medial FIG. 6. Overlap between heat task and motor task group-averaged unclustered activation t maps, displayed in Talairach space. Areas active in the heat task alone are shown in red and in the motor task alone in green, and the areas commonly active for both tasks are in yellow. Overlap is determined from the group-averaged activity Ͼ2 SD above the mean in both tasks. The numbers in the left corners are anteroposterior distances relative to AC in millimeters. The locations of the sylvian fissure and the central sulcus are not shown since they correspond exactly to those displayed in Fig. 5. region located exclusively on the surface of the precentral gyrus. Based on the Talairach atlas both regions lie within the hand portion of area 4. The medial activity likely includes motor representation of hand and shoulder (compare the coordinates with Fink et al., 1997) . The lateral activity seems lateral and anterior to the foot, leg, and pelvic musculature representations in human MI (compare coordinates with Fink et al., 1995 Fink et al., , 1997 Blok et al., 1997) . We, therefore, tentatively conclude that the lateral MI activation is a second hand representation, analogous to that described in monkeys (He et al., 1993) . This area seems to be preferentially active in the painful heat task.
SMA
Our study showed results similar to those of Hsieh et al. (1996b) in that bilateral activation of the SMA was noted in the individual subject analysis, but contralateral activation was consistently greater than the ipsilateral activation. In the group analysis very little activity survived. However, when the group data were examined at a lower threshold cutoff, the SMA activity was coincident with midline SMA activity in the motor task. This region is most likely a combination of SMA and the posterior portion of the rostral cingulate motor zone (Picard and Strick, 1996; Fink et al., 1997) .
Cingulate
The cingulate cortex has long been implicated in pain. A recent elegant study by Rainville et al. (1997) pinpointed a region in the anterior cingulate that may be specifically involved in the perception of the extent of unpleasantness of painful stimuli (ϩ27.6 mm from AC; rostral affective, Table 4 , not included in our study).
Others have suggested that the cingulate cortex may be involved in multiple pain-related functions (Vogt et al., 1993; Coghill et al., 1994; Hsieh et al., 1994 Hsieh et al., , 1996 Vogt et al., 1996) . A more posterior cingulate activation site seems located at the level of AC (motor, Table 4 ). The group analysis in our pain task did not show distinct midline activity at the level of the AC. The only activity with pain at this level was within SMA (or SMA and rostral cingulate motor zone) and overlapped with the SMA activity in the motor task. It is possible that the cingulate activity reported around AC was missed in our study since we scanned only the cortex posterior to AC. Alternatively the activity reported at this level in cingulate cortex may not be distinct from the SMA activity, as also shown by Hsieh et al. (1995) . Our group analysis showed cingulate activity at the level of PC. The midline activity at this level was contralateral in the pain task for the high-cutoff map and bilateral for the lower cutoff map. The region closely corresponds to the area we designate somatosensory in Table 4 , also to Vogt et al. (1996) for a pain task and Fink et al. (1997) in a motor task. Fink describes this region as being the caudal motor cingulate zone (see Picard and Strick, 1996) . Activity in the cingulate cortex following painful manipulations has generally been attributed to the medial pain system, based largely on the thalamocortical connectivity which shows that the anterior cingulate receives inputs from anterior thalamic nuclei and from the midline and intralaminar thalamic nuclei (Craig and Burton, 1981; Vogt and Pandya, 1987; Vogt et al., 1993) . However, an anatomic study by Yasui et al. (1988) has indicated that lateral somatosensory thalamic regions also project to the rostral cingulate in the cat. We recently confirmed this observation in the monkey (Apkarian and Shi, 1997) . We first determined that the connectivity of the anterior cingulate is identical to that of the earlier reports; further we showed that a region posterior to it, containing somatic-responsive cells, receives inputs from more posterior midline and intralaminar nuclei of the thalamus, as well as from lateral somatosensory regions of the thalamus, with no inputs from anterior thalamic nuclei. Both the medial and the lateral thalamic inputs to this area of the cingulate are thalamic sites that in turn receive heavy spinothalamic projections (Apkarian and Hodge, 1989; Shi and Apkarian, 1995; Apkarian and Shi, 1997) . These results have two implications: first that the cingulate cortex receives nociceptive spinothalamic inputs from both medial and lateral spinothalamic systems and second that the more caudal cingulate regions receive the bulk of direct thalamic nociceptive inputs, which is a region that corresponds to the area activated in the heat task in the present study. Vogt et al. (1996) subdivided the cingulate cortex into three functional regions: (1) a rostral affective region, (2) a midcingulate response motor region, and (3) a caudal visuospatial region. We suggest that between the motor region and the caudal visuospatial region there is a somatosensory region with nociceptive inputs, which was activated in FIG. 9. Centroid locations in Talairach coordinates are shown for all subjects and the three tasks. Green symbols show the centroids for the responses of the motor task, red for the responses of the thermal pain task, and blue for the responses of the vibrotactile task. The mean Ϯ1 standard error is shown for the task-averaged centroids to the right of the superior-inferior dimension (along this dimension there was task-dependent separation of the centroids), where green M is for the responses of the motor task, red H for the responses of the thermal painful task, and blue V for the responses of the vibrotactile task.
FIG. 7.
Overlap between heat task and vibratory task group-averaged unclustered activation t maps, displayed in Talairach space. Areas active in the heat task alone are shown in red and in the vibratory task alone in blue, and the areas commonly active for both tasks are in yellow. Overlap is determined from the group-averaged activity Ͼ2 SD above the mean in both tasks. The numbers in the left corners are anteroposterior distance relative to the AC in millimeters. The locations of the sylvian fissure and the central sulcus are not shown since they correspond exactly to those displayed in Fig. 5.  FIG. 8 . Overlap at a lower threshold cutoff between the heat and the motor task group-averaged unclustered activation t maps (left) and between the heat and the vibratory task group-averaged unclustered activation t maps (right), displayed in Talairach space. Areas active in the heat task alone are shown in red, motor task alone in green, and vibratory task alone in blue, and the overlap between the heat and the motor task responses and between the heat and the vibratory task responses is shown in yellow. Overlap is determined from the group-averaged activity Ͼ1.5 SD above the mean in all three tasks. Six slices designated with their anteroposterior coordinates in millimeters relative to AC are shown for each overlap. The locations of the sylvian fissure and the central sulcus are not shown since they correspond exactly to those displayed in Fig. 5 . Tonic, high-low our pain task. This is the basis of the subdivisions included for the cingulate in Table 4 .
SI
The SI activity was concentrated mainly in area 1, which agrees with electrophysiologic findings in monkeys (Kenshalo et al., 1988) . The portion of SI activated by the painful task was coincident with both motor and vibratory tasks, although the vibratory task also included activity in area 2. The activation of SI in the motor task is not surprising since the task was in fact a combination of sensory and motor tasks. The activity in SI with the vibratory stimulus closely resembles our earlier results (Gelnar et al., 1998) in which areas 1 and 2 had the largest activity in SI following the application of a vibrotactile stimulus to individual fingertips. The coincidence of activity in area 1 across the three tasks and the multiple activation foci we observe in MI and the centroid analysis results altogether imply that the Vogt et al. (1996) , Picard and Strick (1996) , and our results, see Discussion.
activations observed in earlier PET studies at the junction of SI and MI were due mainly to averaging with a large spatial filter across these discrete regions. Moreover, the thermal painful task does not show any significant activations within the depth of the central sulcus. Therefore, at least with this specific painful task we do not observe any evidence for activating neurons in area 3a, as was suggested by a recent optical imaging study in the monkey (Tommerdahl et al., 1996) .
SII Region
Individual analysis showed 30% overlap between the heat task and the other two tasks. Group analysis, on the other hand, showed very little overlap between the heat task and the other two tasks. This difference implies that the regions of overlap occurred at the borders of activity in each task. The group activity maps show that the SII region activity in motor and vibratory tasks is located just medial to the heat task. The close proximity in SII region between the heat activity and the motor and vibratory activities is consistent with earlier PET studies indicating that pain and vibrotactile tasks overlap here (Coghill et al., 1994) .
Activity in the SII region has been shown for various painful manipulations (Table 4) . Interestingly, a recent PET study showed the SII region to be bilaterally activated during the allodynia following capsaicininduced pain (Iadarola et al., 1998) . Consistent with most human brain imaging studies laser-evoked potentials, which are accompanied with pain perception, show a peak in the contralateral SII region (Kunde and Treede, 1993; Spiegel et al., 1996) . Activity in SII region has been observed consistently for vibrotactile stimuli (Burton et al., 1993; Gelnar et al., 1998; Disbrow et al., 1998a; Iadarola et al., 1998) . The fMRI study of Disbrow et al. provides evidence for subdividing the region into three or four discrete areas, in accordance with physiologic studies in the monkey (Krubitzer et al., 1995) . Our anatomic studies in the monkey show that the SII region receives inputs from lateral thalamic nuclei which in turn are heavily innervated by the spinothalamic pathway (Stevens et al., 1993) . Anatomic evidence for nociceptive inputs from the tooth pulp to SII has been also demonstrated by viral tracer studies by Barnett et al. (1995) . Unfortunately, the electrophysiology of nociceptive neurons for this region of the cortex is minimal, as a result there is no convincing evidence from animal experiments regarding the prevalence of nociceptive neurons and the extent of their segregation within the multiple subregions of SII.
Insula
Activity in this region has been divided into anterior and posterior portions and some studies have implied that the anterior region may be more important in pain perception, while the posterior region is preferentially activated in vibrotactile tasks (Coghill et al., 1994) . The present study did not image the anterior insula (ϩ22 to 0 mm from AC, Table 4 ). Our group analysis shows activity in a large region of the insula for the thermal pain task. The motor and vibratory tasks do not show any significant activity in the insula, but their activations in SII border just laterally with the insular activity for the pain task.
The role of the insular cortex in nociception has been rapidly changing over the past few years: Barnett et al. (1995) show tooth pulp inputs to the region, evokedpotential studies show preferential A-delta fiber input (Ito, 1998) , Craig et al. (1994) show direct insular projection from a thalamic region with spinal cord lamina I inputs and containing neurons with thermal and nociceptive responses, Hanamori et al. (1998) show that 33 of 43 insular cortex cells respond to tail pinching in the rat, and microinjections of morphine in the rat insula results in antinociceptive behavior (Burkey et al., 1996) . Consistent with this evidence a large number of human brain imaging studies show insular cortex activity in pain tasks (Table 4) .
Posterior Parietal Cortex
The painful heat task resulted in posterior parietal activity, which in the group analysis was located mainly in area 5/7, where nociceptive cells have been described in the awake monkey (Dong et al., 1989) , and not in area 40. The activity in area 5/7 was partially overlapped with the activity in the motor and vibratory tasks. The vibratory task had a larger activity in area 40, in agreement with our earlier study (Gelnar et al., 1998) . The motor task also activated the same region. Earlier studies have shown activity in the posterior parietal cortex but they could not distinguish between subdivisions of the region (Table 4) .
Technical Considerations
Stimulus presentation, head movement, scanning sequence parameters, stability of the MR scanner, and data analysis parameters all impact fMRI activation results (see Davis et al., 1995) . The painful thermal stimulator was designed primarily to comply with the electromagnetic constraints of the environment. As discussed previously (Gelnar et al., 1998 ) the cortical activity observed in the vibratory task is determined by the specific frequency utilized. Overall the hand surface area stimulated between the three tasks covered the same region of the hand and was overlapping but it was not exactly the same between the three tasks. In all three tasks, hand and arm movements were part of the task. The subjects had to place the hand on one type of stimulator or another (heat and vibrotactile tasks) or move the hand back and forth from a resting position prior to initiating finger appositions (motor task). However, for all three tasks the same movement was needed at the beginning of control and stimulus cycles. Thus these movement-related cortical activities were common between stimulus and control and were subtracted in the activation maps. We directly tested the effects of such movements in three scans (two subjects), in which the subjects moved their hand between two surfaces kept at the same warm temperature. The results showed no significant activity in the brain regions of interest. We cannot, however, completely rule out the possibility that the painful stimulus may have resulted in small voluntary, or involuntary, movements of the hand throughout the stimulus cycle. The subjects were instructed against it, and the painful stimulus intensity was intentionally kept at a moderate intensity level to minimize such artifacts.
Head-motion artifact was addressed by head immobilization and postprocessing with a within-plane movement-correction algorithm. A three-dimensional motioncorrection algorithm like AIR (Woods et al., 1992) was not used for head-movement correction since it destroys the first and last slices (see Gelnar et al., 1998 , for further discussion). It was used for aligning wholebrain anatomic images in the group analysis.
The optimal data analysis for fMRI is still a research topic, so multiple types of individual-subject-based and group-averaged analyses were performed in this study. The individual-subject analyses result in simpler and more rigorous statistical comparisons. The groupanalyses, on the other hand, describe the spatial spread of the brain activations. The cortical regions that were consistently active in the individual-subject analyses were also identified in the group analysis. The exact correspondence between the two approaches, however, remains unclear primarily because of the large number of assumptions and approximations necessary for the group analysis.
In the group analysis we chose to present the spatial differences in activation by presenting the groupaveraged maps of the different tasks as superpositions and by measuring differences in the overall activation centroids, across subjects and tasks. The more standard approach, especially in PET studies, is to subtract the activations of one task from another. In fact when we transform the group-averaged t maps into Z values and then subtract the heat task response from the motor task response, the regions that pass a Z cutoff of 2.0 closely correspond to the regions uniquely activated in the heat-motor overlap map (shown in red in Fig. 6 ). Instead, we chose to present superposition maps since they are far more informative in describing the relative proximity of the various task-related activations. The superposition maps were presented without applying the clustering criterion in order to illustrate the level of noise in the group-averaged maps and to show and calculate the most conservative estimates of overlap. The centroid analysis is a simple way of differentiating the spatial differences in the activation maps, which could also be applied to more focused regions of interest.
The scan parameters were selected to maximize spatial resolution. To keep this spatial resolution at maximum no Gaussian filtering was done on the individual activation maps, although this increases the signal-to-noise ratio (Xiong et al., 1996) . A small amount of spatial filtering was used on the group-averaged data because of the inherent variability in the anatomy of the brain across subjects. In this study the region of brain imaged was limited to the middle third of the brain and a surface coil was utilized to maximize signal-to-noise ratio in the contralateral cortex; as a result we cannot comment on brain regions outside this area. It should be pointed out, however, that even though the absolute signal intensity decreases exponentially with distance from the surface coil, the decrease in signal-to-noise ratio with distance is slower (there is a sevenfold decrease in signal intensity vs a threefold decrease in signal-to-noise ratio when activity in SI cortex under the coil is compared to the opposite SI). Still, it should be emphasized that the activations observed at cortical regions far from the coil are underestimates of these responses.
CONCLUSIONS
The new findings of this study are: (1) a unique subregion of the hand representation of MI that was activated only during the thermal painful task; (2) a region in the posterior cingulate cortex uniquely activated during the thermal painful task which, based on anatomic evidence, we designate somatosensory cingulate cortex; (3) within the postcentral cortex, the main activity in the thermal painful task was limited to area 1; this region is also activated in the vibrotactile and motor tasks; and (4) examining the functional connectivity across six anatomic areas provided evidence for task-dependent changes in coherence across these regions.
The repeated application of a stereotype painful thermal stimulus resulted in activating a discrete cortical network, with components that overlap with cortical circuits involved in vibrotaction and motor performance. The functional specificity of the components of this network, although speculated upon by many authors in the field, remains to be elucidated. Moreover, we emphasize that small changes in the stimulus presentation can dramatically alter this network (A. V. Apkarian et al., manuscript in preparation) . Also, the extent to which such networks determined under very rigid stimulation paradigms resemble the cortical activity pattern when more natural painful stimuli are experienced is unclear. Recent developments in fMRI technology have the potential of testing the latter idea, and such studies are under way in our laboratory.
